Monoclinic crystal structure of the undoped BaBiO 3 can be described as a cubic perovskite distorted by a frozen breathing and tilting phonon modes of BiO 6 octahedra. The phonon mode softening is experimentally observed [M. Braden et al., Europhysics Letters (EPL) 34, 531 (1996)] in Ba 1−x K x BiO 3 through potassium doping followed by a transition into an ideal cubic perovskite structure at x = 0.37 close to the appearance of superconductivity. In our previous paper [D. Korotin et al., Journal of Physics: Condensed Matter 24, 415603 (2012)] we demonstrated that it is necessary to take into account correlation effects by DFT+U method in Wannier functions basis to obtain a good agreement between the calculated and experimental values of crystal structure distortion and energy gap in BaBiO 3 . In the present work with the same method we calculated the breathing mode phonon frequencies as a function of potassium doping level in Ba 1−x K x BiO 3 . Obtained frequencies are in a good agreement with experimental values and the breathing mode softening with doping effect is reproduced while calculations without consideration of correlation effects failed to do so. We shown that the cubic crystal structure becomes stable at x = 0.30 in agreement with the experimental transition to cubic perovskite at x = 0.37. The possible connections between the correlation effects, phonon mode softening, and superconductivity in Ba 1−x K x BiO 3 are discussed.
allow to determine unambiguously the strength of electron-phonon coupling in Ba 1−x K x BiO 3 .
For example, large oxygen isotope effect α = 0.4 measured at the replacement 18 O by 16 O in Ba 0.625 K 0.375 BiO 3 compound indicates the conventional phonon-mediated superconductivity mechanism [7] . At the same time Batlogg et al. [4] obtained the value α = 0.21 ± 0.03 and concluded that Ba 1−x K x BiO 3 is a weak-coupling HTSC. Marsiglio and colleagues [8] came to the same conclusion getting the value of the dimensionless electron-phonon coupling constant λ ≈ 0.2. On the other hand, the results of the inelastic neutron scattering experiments carried out by Braden et al. [9] showed the substantial frequency shift between the lightly doped Ba 0.98 K 0.02 BiO 3 and Ba 0.6 K 0.4 BiO 3 . That frequency shift can be interpreted as a result of the strong electron-phonon coupling. In work [10] devoted to the measurements of the heat capacity of single crystals of Ba 0.6 K 0.4 BiO 3 in the vicinity of superconducting transition temperature the value λ ≈ 0.35 was obtained. High-resolution inelastic X-ray scattering results for x = 0, 0.30, 0.37, and 0.52 on the Ba 1−x K x BiO 3 crystal presented in paper [11] point to existence of anomalous softening at x = 0.37 and 0.52 for volume and one-dimensional breathing modes which also agrees with the results published in the works [12, 13] . Sharifi and colleagues [14] from the results of tunneling measurements experiment have obtained the values λ ≈ 0.2 and 2∆/kT c = 3.5 and argued that the electronphonon interaction in Ba 1−x K x BiO 3 has the weak-coupling character. The authors note that these results relate to the interaction of electrons with acoustic phonon modes only in contrast to optical branch breathing phonon mode considered in the present work. However, the evidence of the importance of an electron-phonon interaction in Ba 1−x K x BiO 3 has been obtained from several tunneling measurements experiments [15] [16] [17] .
The results of theoretical investigations of the superconductivity related properties in Ba 1−x K x BiO 3 also lead to controversial conclusions on the role of the electron-phonon interaction. The authors of [18] using the band structure calculations have shown that for x > 0.3 the λ value exceeds 1 thus placing Ba 1−x K x BiO 3 to the class of strong-coupling superconductors. In addition, the authors concluded that λ sharply decreases with increasing x in consequence of significant renormalization of the breathing modes playing an important role in the high-T c superconductivity phenomenon in Ba 1−x K x BiO 3 . Hamada et al. [19] have calculated the electron-phonon coupling constant value λ = 3 within LDA approximation. Investigating the optical properties of Ba 1−x K x BiO 3 Nourafkan et al. [20] have employed dynamical mean field theory and found the strong dependence of the effective electron-phonon interaction on the doping with the largest value of λ ≥ 4 at x = 0.4.
On the other hand, Liechtenstein and coworkers [21] applying the LDA method have obtained the estimate of the value λ b ≈ 0.3 for the breathing mode for x from 0.37 to 0.5. The work of Kunc and Zeyher [22] contains a rough estimate of λ ≈ 0.5 obtained in LDA calculations. Mergali and Savrasov [23] applying LDA and LDA+U method have obtained the value λ = 0.29 that is too small to explain the electron-phonon nature of superconductivity at T c = 30K in Ba 0.6 K 0.4 BiO 3 compound.
Hence the questions of reliable description of the electron-phonon coupling strength in Ba 1−x K x BiO 3 and whether the conventional phonon mechanism of superconductivity is essential in this system or not still remain unclear. The phonon mode softening effect that is experimentally observed [24] in Ba 1−x K x BiO 3 through potassium doping can be connected with superconductivity appearance in this material if the corresponding phonon modes are strongly coupled with electrons at the Fermi level [25, 26] . The softening effect appears with potassium doping for the high-energy optical phonon mode [1, 18, 27] corresponding to a breathing distortion of BiO 6 octahedra, see In the previous paper [28] we have shown that it is necessary to take into account correlation effects in the framework of GGA+U approximation in Wannier functions basis in order to reproduce successfully features of crystal and electronic structures of BaBiO 3 . The same method was applied to the problem of phonon softening in Ba 1−x K x BiO 3 in the present work and allowed us reproduce successfully the experimentally observed effect. In contrast, standard DFT calculations failed to produce such a result. We also estimated the effect of correlations on increasing the strength of electron-phonon coupling in Ba 1−x K x BiO 3 in comparison with standard DFT results.
II. CALCULATION METHOD
Our calculations were performed with plane-waves pseudopotential approach implemented in Quantum-ESPRESSO package [29] . We used pseudopotentials in the ultrasoft form with PBE functional. The plane waves energy cutoff was set to 50 Ry and the charge density cutoff equals to 400 Ry. Integrations in reciprocal space were performed using (16, 16, 16) Monkhorst-Pack k-point grid in the full Brillouin zone. The total energy convergence limit was set to 10 −9 Ry to obtain an accurate total energy dependence.
Several modifications of the code were implemented for DFT+U method in Wannier functions basis as described in [30] . In particular the total energy is computed as where E DF T is the total energy from a standard GGA calculation,
m =m′ U n m n m ′ is the Coulomb interaction correction and E DC = 1 2 U n(n − 1) is the double counting correction. We define n m as mth Wannier function occupation number and n = m n m as the total occupancy of WFs.
The breathing distortions of BiO 6 octaredra were treated in cubic F m3m cell with two formula units. Potassium doping was simulated with rigid band approximation. The pseudocubic lattice parameter is defined as a p = (4.3548 − 0.1743x), where x -is the potassium concentration [31] .
WFs were generated by projection of two Bi-s atomic orbitals onto subspace defined by the two energy bands near the Fermi level. The Hubbard U value for BaBiO 3 equals 0.7 eV [28] . The same value is used in our calculations.
The breathing phonon frequency at R point was computed within frozen-phonon approach. The phonon frequency is proportional to the second derivative of the total energy over atomic displacement. The total energy vs breathing distortion dependence was interpolated with a parabola. The interpolation was performed using an ordinary least squares method in a region near the total energy minima where harmonic approximation is reliable. Then the second order derivative was taken analytically.
III. RESULTS AND DISCUSSION
In Fig. 2 the total energy of Ba 1−x K x BiO 3 is shown as a function of BiO 6 octahedra breathing distortion. The calculations were done within GGA and GGA+U in Wannier functions basis approaches. The GGA and GGA+U curves were shifted in such a way that the total energy values for undistorted structure were set to zero.
Let us first discuss the results obtained by standard GGA without correlations taken into account. In GGA the total energy dependence curves (green lines on Fig. 2 ) are qualitatively the same for all potassium doping levels. The total energy has a parabolic form with a minimum at zero distortion that means a stable cubic perovskite crystal structure for every potassium concentration. This result is in disagreement with the experimentally observed monoclinic structure for BaBiO 3 [32] and orthorhombic structure for x = 0.1..0.35 [31] . As it was shown previously for correlations were taken into account using GGA+U method that has allowed to reproduce successfully combined effect of breathing and tilting distortion of the BiO 6 octahedra in a monoclinic structure.
Correlation effects taken into account in the GGA+U calculations changed the calculated results (red lines in Fig. 2 ) qualitatively comparing with the GGA ones. The cubic crystal structure is now unstable against breathing distortion for pure BaBiO 3 , see Fig. 2 (a) , in the agreement with results of [28] . The total energy has a minimum at 0.075Å that is in a good agreement with the experimental value 0.085Å [32] . One should take into account that in the present paper tilting of the BiO 6 octahedra existing in a real monoclinic structure was neglected while in the previous paper [28] for undoped BaBiO 3 tilting was treated on the same footing as breathing distortion.
The depth of the total energy minimum decreases with increaseof the doping level. The theoretical structural transition to an ideal cubic perovskite cell happens for Ba 0.7 K 0.3 BiO 3 ( Fig. 2 (e)) where minimum for final distortion value disappears and energy is minimal for the undistorted cubic structure. The calculated value of critical potassium concentration x = 0.30 where cubic structure becomes stable is in a good agreement with the experimental estimations of orthorhombic to cubic structure transition at 0.37 [31] . The slight difference between the experimental value and our estimations could arise from the neglect of the tilting distortion. In the cubic phase (for x = 0.3..0.45) a curvature of the total energy dependence increases with the increase of doping.
From the data shown in Fig. 2 the second derivative of the total energy that is proportional to the breathing phonon frequency was computed as a function of doping x. The result is shown in The theoretical structural transition occurs at potassium concentration equal to x = 0.30.
Starting from that concentration the ground state crystal structure is the ideal cubic structure and phonons correspond to the deviation of atoms from equilibrium positions in cubic perovskite.
The breathing phonon frequency for the ideal cubic structure is shown in Fig. 3 is good.
The phonon softening is observed for GGA+U curves in Fig. 3 when system approaches to the crystal structure transition. The effect is seen as concentration increases 0 < x < 0.3 destabi-lizing distorted crystal structure before transition to cubic perovskite, as well as for decreasing concentration values in the range 0.3 < x < 0.4 in its turn destabilizing cubic structure as the system approaches the distorted crystal structure. As it is well known that a structural instability near T c accompanied by a softening of phonon modes often causes a superconductivity transition [25, 26, 34, 35] .
In the present work we demonstrated that correlation effects taken into account in GGA+U method could qualitatively change calculated phonon frequency as a function of potassium concentration in Ba 1−x K x BiO 3 . In order to understand the problem of superconductivity mechanism in this material it would be necessary to calculate the full phonon spectra with the corresponding electron-phonon coupling constants λ. That is a computationally hard task with correlation effects taken into account and we plan to perform it in a separate work. However, we could try to estimate roughly the influence of the correlation effects on the λ for breathing phonon mode considered here.
In paper [23] it was shown that λ for the breathing phonon mode is an order of magnitude larger than λ for the other modes so that total strength of electron-phonon coupling will be defined predominantly by this mode. We analyze only one q-vector corresponding to the R high-symmetry point in the Brillouin zone. The el-ph coupling constant for one mode and wave-vector q is defined as [36] :
where ω q is the mode frequency, N (E f ) is the electronic density of states at the Fermi level, ǫ ik is the energy of electron band i with the wave-vector k, g ik;jk+q is the electron-phonon matrix element:
where M is mode dependent reduced mass, and ∆V q is the change in electronic potential V due to atomic displacements corresponding to the phonon. Finally the electron-phonon coupling constant is proportional to
Lets consider the x = 0.30 point in Fig. 3 that corresponds to theoretical structural transition.
The breathing mode frequency obtained within the GGA+U calculation equals 8.8 THz that is 1.7
times smaller than in GGA (15.2 THz). Thus electronic correlations result in a 2.9 times decrease of ω 2 term in denominator of Eq. 4.
To estimate the change in electronic potential due to atomic displacements, we used our results of bands structure calculations for pure BaBiO 3 presented in Fig. 2 of our previous paper [28] .
In order to estimate ik|
|jk + q element of electron-phonon matrix, we consider a change of one-electron energies due to the frozen breathing phonon distortions:
where u b is the frozen breathing phonon distortion. The change in numerator of Eq. 4 we evaluate as:
where ǫ we obtained δǫ GGA = 0.75 eV and δǫ GGA+U = 1.1 eV that gives us a ratio (6) value ≈ 1.5. That results in a 2.25 times increase of the numerator of Eq. 4. Hence, the total increase of the fraction value in Eq. 4 due to correlation effects is 6.5 times.
The previous calculations of λ within LDA by Liechtenstein et al. [21] (λ b ≈ 0.3) and by Kunc and Zeyher [22] (λ ≈ 0.5) did not allow to state the strong coupling regime in Ba 1−x K x BiO 3 . Our estimates show that value of electron-phonon coupling will be λ > 1 that assumes a strong-coupling electron-phonon interaction in this compound.
IV. CONCLUSION
The breathing phonon softening with potassium doping in Ba 1−x K x BiO 3 was obtained as a result of ab initio calculation by GGA+U method for the first time. A transition from distorted crystal structure to the ideal cubic perovskite was theoretically found at x ≈ 0.3 in agreement with the experimental data. Coulomb correlations are found to be essential for the proper description of crystal structure and vibrations properties of the compound. Standard GGA calculations result in a phonon hardening instead of softening. The estimations of electron-phonon coupling enhancement with correlation effects taken into account put Ba 1−x K x BiO 3 in strong electron-phonon coupling regime.
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